EniViironnemient 
Canada 

■ f f^niii: - OBtarlQi.Aflrff'ifif.nt on Great Lakfs Water Quality 

f^ 




Matvem Urban Test Catchment 
Volume I 

Research Report No. 57 



-^^ ''x 



Research Program for the Abatement of Municipal Pollution 
under Provisions of the Canada- Ontario Agreement 
on Great Lakes Water Quality 



Copyright Provisions and Restrictions on Copying: 

This Ontario Ministry of the Environment work is protected by Crown copyright 
(unless otherwise indicated), which is held by the Queen's Printer for Ontario. It 
may be reproduced for non-commercial purposes if credit is given and Crown 
copyright is acknowledged. 

It may not be reproduced, in all or in part, for any commercial purpose except 
under a licence from the Queen's Printer for Ontario. 

For information on reproducing Government of Ontario works, please contact 
ServiceOntario Publications at copyrishtfSlontario.ca 



CANADA-ONTARIO AGREEHEOT 

I 

I 
RESEARCH REPORTS ' j 

These RESEARCH REPORTS describe the results of Investigations 
funded under the Research Program for the Abatement of Hunlcipal Pollution J 

within provisions of the Canada-Ontario Agreement on Great Lakes Water 
Quality. They provide a central source of information on the studies j 

carried out in this program through in -house projects by both Fisheries 
and Environment Canada, and the Ontario Ministry of the Environment, and 
contracts with municipalities, research Institutions and industrial 
organizations. 

Enquiries pertaining to the Canada-Ontario Agreement I^ESEARCH 
PROGRAM s hoy Id be directed to - 

Wastewater Technology Centre 
Canada Centre for Inland Waters 
F i sher i es and Env i ronmen t Canada 
P.O. Box 5050 
iu r 1 i ng ton , n ta r i o L 7R h/\$ 

Ontario Ministry of the Environment 
Pollution Control Branch 
135 St. Clair Avenue West 
Toronto, Ontario M4V 1P5 



HALVERN URBAN TEST CATCHHEMT 
VOLUHE I 



J. Harsalek 
Env i ronmen ta 1 Managemen t Serv i ce 
Canada Centre for Inland Waters 
Fisheries and Environment Canada 



RESEARCH PROGRAM FOR THE ABATEMENT 
OF MUNICIPAL POLLUTION WITHIN THE 
PROVISIONS OF THE CANADA- OIITAR 10 
AGREEMENT IN GREAT LAKES WATER QUALITY 



Project 73-3-12' 



This document may be obtained from - 

Training and Technology Transfer Ontario Ministry of the Environment 

Division (Water) Pollution Control Branch 

Environmental Protection Service 135 St- Clair Avenue West 

Fisheries and Environment Canada Toronto, Ontario 

Ottawa, Ontario M^V 1P5 
KIA 0C8 



Minister of Supply and Services Canada 1977 
Cat. No. Enii3- 11/57 

ISBN 0-662-00730-1 



■■(jJBjpp,-... - -i»yi*^^j«|;5iiuji^,,^i^p™pp^^AUiJj«>|J,f|yii^ ■ -%'.5S,;«-»"5B,'-'-'"' -f;i•^fv'■^'■>pe,^,^r^■J^1^■■■ 



ABSTRACT 

An urban test catchment (Halvern), representing a modern 
residential development of 5B acres, was es tab 11 shed and Instrumented In 
Burlington, Ontario, The catchment topography, land use, hydro logical 
characteristics, storm drainage and instrumentation are described and 
discussed. 

A number of precipitation-runoff events were monitored on the 
catchment in 1973* and some of these events were simulated with the Storm 
Water Management Hodel (SWMM) of the U.S. Environmental Protection Agency. 
A good fit between the simulated runoff hydrographs and the observed 
hydrographs was obtained. 



RESUHE 

Un bass In exp§ri mental da captation en mi lieu urbain (Malvern), 
reprfesantant un lotissement risldentiel moderna de 58 acres, a iti crii at 
pourvu d' Instruments de contr61e a Burlington (Ontario). On dicrit at Ton 
commente la topographle du bassln da captation, I'utl 1 Isation du terrain, 
les caractiristiques hydro logiques, le r6seau d'igouts pluviaux et las 

apparel Is utl 1 Is6s. 

Un certain nombre de situations da pr§clpitation et de 
ruissallement ont fait 1 'objet d'una fetude dans le bassln, an 1973, et 
qualques-unes da ees situations ont donni liau i des simulations i Taide 
du modile de gestion des eaux de pluie (Storm Water Management Model) mis 
au point par 1 'Envl ronmantal Protection Agency des Etats-Unis. Les hydro- 
granmes du ryissellament rial corraspondaient dans une bonne mesure i ceux 
obtenus par simylation. 
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CONCLUSIONS 

The Malvern test catchiient, representing a typical modern 
residential area, is well-suited for urban runoff studies. The catchment 
is well-defined, and its basic physical characteristics (area, impervious- 
ness, slope) have been fairly accurately determined. 

The present catchment instrumentation, consisting of a tipping 
bucket raingauge, flow measuring weir at the drainage outfall and two 
automatic samplers, was found suitable for the runoff study. AdditionaT 
meteorological data were obtained from two rain gauges (-'2.3 miles away) 
and a wind monitoring station (3.3 miles away). 

When drawing conclusions regarding the runoff simulations with 
the Runoff Block of the Storm Water Management Hodel, two limitations must 
be considered. Firstly, only a limited number (eight) of events have been 
studied, and secondly, virtually all the runoff originated on the Imper- 
vious areas. These limitations will be removed as more field data become 
aval 1 able a 

The runoff volume, peak rate and time to peak Were simulated 
fairly well by a partially calibrated Runoff Block. The representation of 
the catchment by 10 subcatchments and 21 sewer pipes (15" - 33") allowed a 
good description of the catchment and of its response. The SWMH default 
values were found suitable for the Malvern catchment with two possible 
exceptions - the Impervious surface storage was chosen as 0.02 inches 
rather than O.O6 inches, and no conclusions can be drawn as yet about the 
infiltration rates, since in the observed events virtually all runoff 
originated on the impervious areas. 

The simulated runoff volumes were underestimated by three percent 
on average; about two-thirds of all the simulated volumes were within six 
percent of the observed ones. 

The simulated runoff peak flows were underestimated on average by 
ten percent; about two-thirds of all the simulated flows were within 
fifteen percent of the observed ones. 

The simulated times to peak were on average about equal to the 
observed ones. Two-thirds of all the simulated times to peak were with 
five percent of the observed times. 
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The accuracies of the SWHIi siinulatlons given above are better 
than those reported previously [1, 5, 6] and are likely to follow from the 
good quality of the Halvern field data used in the SWMH testing. The 
Runoff Block of the SWMH appears to simulate accurately runoff events on 
the Malvern catchment for storms of high frequency of occurrence (one to 
two per month). 



RECQHMENDATiONS 

The monitoring of urban runoff on the Malvern urban test catch' 
ment should be continued and expanded for monitoring of storm water 

qua! ity. 
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1 INTRODUCTION 

Increasing urbanization of Canadian society makes a dramatic 
irapact on the hydro logical cycle in the affected areas. The large 
Impervlousness of urbanized areas contributes to the acceleration and 
increase of surface runoff, which is typically conveyed by sewers. 

At the same time, runoff water, which is rather polluted, is 
typically discharged into local receiving waters without any treatment. 
The yn con trolled discharges from combined as well as separate sewers are 
recognized as one of the major contributors to the lowering of water 
quality in rivers and lakes. The problem of assessing these sources of 
pollution and of defining potential solutions for the control of urban 
runoff has been addressed by the Urban Drainage Subcommittee (UDS) of the 
TeGhnlcal Committee for the Canada-Ontario Agreement on Great Lakes Water 
l|ual Ity* 

Under the research program of the Urban Drainage Subcommittee, an 
orgent need for urban runoff data has been identified, and several data 
collection projects have been initiated. One of these projects, the 
monitoring and simulation of urban runoff on the Malvern test catchment In 
Burlington, is described In this report. 

The Malvern test catchment is located in a residential area 
served by separate storm sewers. The catchment has been established. 
Instrumented and monitored by the Hydraulics Research Division of the 
Canada Centre for Inland Waters in Burlington, Ontario. 

The terms of references of this project can be summarized as 
fol lows: 

1. establish an urban test catchment served by storm sewersj 
2 o des I gn , 1 ns ta 1 1 , and opera te a da ta acqu I s It i on sys tem 

monitoring precipitation and runoff quantity; and, 
3. simulate selected storm events by the Storm Water Management 

Mode I ( Runo f f B 1 oc k on 1 y ) » 

In the later stages of this project, runoff monitoring and 
simulation were expanded for the runoff quality aspects. Runoff quality 
will be dealt with in subsequent volumes. 



In this volume, the main stress is on descriptions of the test 
catchment and the instrumentation. Only a limited number of storms were 
recorded during the initial stage of the project (1973 data) and these 
observations are included in the report. Hany more events have been 
recorded in the sybseqyent years and will be presented in the forthcoming 
reports « 
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2 DESCRIPTION OF THE HALVERN URBAN TEST CATCHMENT 

The Malvern urban test catchment Is a residential subdivision 
served by separate sewers. The test catchment was instrumented and the 
data collection started in September, 1973. The data collection season 
spans from April to Movember; the Instrumentation system becomes inopera- 
tional during the winter months. The collection of preclpi tatlon/runoff 
data is expected to continue for at least five years. 

1. 1 Basic Description of the Urban Area and of the Catchment 

The location and drainage boundaries of the Malvern catchment are 
shown in Figure 1. The total contributing area of the catchment is 57-6 
acres, as determined from a map (scale l'fc=200 ft) and by field Inspec- 
tion, The catchment is drained by storm sewers. 

Ba sic de s c r i p 1 1 on s of the u r ban I ze d a rea , t he City of B u r 1 1 n g t on 
and of the test catchment are presented in the format proposed by the 
University of Florida for the Urban Ra I nfa 1 1 /Runoff Data Base, which has 
been established by the U.S. Environmental Protection Agency. The proposed 
format appears In Table 1; Table 2 lists the Information pertment to the 
studied area. 

2.2 Ca t chmen t Topog raphy 

The catchment Is gently sloping from the north corner towards the 
drainage outfall located In the southwest corner (see Figure 1). The 
highest elevation in the north corner Is 295 ft ASL; the lowest elevation 
in the southwest corner Is 272 ft ASL, The average slopes of the drainage 
area are as follows: 

northeast - southwest direction 1.0^ 

northwest - southeast direction 0.71 

highest elevation point - drainage outlet l.Ol 

Local slopes depend on lot gradlngs. Typically, front yards are 
sloping towards the street, with slopes varying from 1% to 1 01. Backyards 
are gently sloping (l-jl) away from the street towards drainage swales. 
Road slopes are on average II. 
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FIGURE I.MALVERN TEST CATCHMENT- LOCATION MAP 
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TABLE 1. URBAN RAINFALL/RUNOFF DATA BASE - STORAGE FORMAT PROPOSED BY 
THE UNIVERSITY OF FLORIDA 



A, Master Index Fi le 

I INTRODUCTION - four hundred to eight hundred characters 

II URBANIZED AREA DESCRIPTION 

A. Name - eighty characters 

B. Coordinates 
la La t i t y de - two f i e 1 d s of two digits, deg rees /m I n u te 
2« Longitude - two fields of two digits 

C. Area - acres 

D. Population - persons and year of census 

E. Land Use - I for each of the five categories 

F. Sewers - I for each of combined or separate sewers 

G. Soils - major soil types 
H, Meteorology 

1. Prevalent wind direction for each month 

2. Mean wind speed for each month 

3. Normal monthly temperature ®F 

4. Normal total precipitation per month 
So Mean evaporation per month 

I , Yearly Averages 

1„ Prevalent yearly wind direction 

2, Mean wind speed 

3. Average high yearly temperature 
k. Average low yearly temperature 

5. Average yearly temperatyre 
S . To ta 1 yea r 1 y p re c I p 1 1 a t i on 

III. BAS I N (CATCHMENT) DESCR I PT I ON 

A. Name - eighty characters 

B. Coordinates 

I 1. Latitude - degrees and minutes 

[ 2. Longitude - degrees and minutes 

I C. Area - acres 

\ D. Population - persons and year of census 

[ E. Land use - % for each of the five major categories 

} F. Sewers - % for each of combined or separate sewers 

' G« Soils - major soil types for the basin 

H, Impervlousness 

! I. Depression storage, pervious and Impervious 

r Jo Roughness, pervious and Impervious 

[ K. Slope 

t L , I n f 1 1 1 ra t i on pa r ame t e r s 

I H* Street sweeping frequency 

f N, Catch basin density 



TABLE 1. (COMT'D) 



IV. RETRIEVAL CODES 



A, Stata code - two digits 

i . C I ty code - f ou r digit s 

C, Mumber of events stored - two digits 

Do Number of data prints for each event subsection 



TABLE 2. URBAN RAINFALL/RUNOFF DATA BASE - HALVERN ROAD, BURLINGTON, 
ONTARIO 



GENERAL INTRODUCTION 

Burlington, Ontario: Data collected and reduced by the Hydraulics 
Research Division, Canada Centre for Inland V/aters, rainfall measured by a 
tipping bucket gauge, flow measured by a weir at the outfall, quality 
obtained from grab samples collected by an automatic samplir, 

URBANIZED AREA DESCRIPTION 

Name - Burl Ington 

Location Degrees M i n u te s D i rec 1 1 on 

Latitude i»3 20 North 

Longityde 73 48 West 



Area - 21,418 acres 197^ Population - 97,972 persons 



Residential Commercial Industrial Open 
single & mul tiple 

Land Uses 23.11 2.31 3-9^ 70.71 



1001 Separate Sewers 

Ha j or so i I t y pes - un c 1 a ss I f » e d 



HITEOROLOGY 
















W 


Inds 


Ambient 
Temperature 


Rainfall 
(inches) 


Evaporation 
(inches) 




Dl recti on 


Speed (mph) 


(°F) 




Pan Lake 


Jan. 




w 


9.6 


23.0 


1 . 1 1 




Feb. 




w 


9.6 


24.4 


1.15 




Har, 




w 


9.7 


32.1 


1.71 




Apr. 




w 


9.0 


44.3 


2.81 




Nay 




s 


7.8 


54.4 


2.72 


5.8 4.1 


June 




s 


7.4 


65.3 


2.61 


6.3 4.4 


July 




w 


7.0 


70.4 


2,91 


7.4 5.3 


Aug. 




w 


6.7 


69.1 


3.11 


6.1 4.3 


Sep , 




w 


7.2 


61.8 


2.61 


4.2 3.0 


Oct. 




s 


7.8 


51.4 


2.46 


2,8 2.0 


Nov„ 




w 


9.6 


39.9 


2.26 


5.8^ 4.1* 


Dec. 




w 


9.9 


28.2 


1.72 




Year 




w 


8.4 


47.1 


27.19 


38.4 27.2 



* Cumulative value November to April 



TABLE 2. (CONT'D) 

BASIN (CATCHHENT) DESCRIPTIOII 

Name - Ha I vern 

Location Dagraas Hinutes Di faction 

Latitude k3 M North 

Loogituide 79 '14 West 

Araa - 57.6 acres 197^ Population 1,000 (est.) 

Land Use - lOOl Single Family Residential 

Sewers - 1001 Separate sewers 

Soil types - Fox sandy loam, shallow phase, weM-dramed 

Impervlousness - Total 3^% 

Directly connected 31% 
Dep ress I on S torage perv I ous 0,18 in, (es t . ) 

impervioys 0,02 in. (est.) 
Roughnass pervious n - 0.25 (est.) 

impervious n ^ o,013 (est.) 
Slope 0-01 ft/ft 

Infiltration f - 3.0 in/hr f . - 0.52 in/hr 

p ■ ■ m I n 

"1 
a - ,00115 sec (decay rate in Horton's equation) 

Street sweeping frequency - twice a year 

Catch basin density - 1.21 /acre (Total number - 70) 
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2 a 3 Land Use 

The entire area Is zoned as single family residential. Host of 
the houses were built in the early sixties, with virtually all development 
completed by 1964. There are no vacant lots or parks in the area; no 
construction activities were underway in the area dyring the data collec- 
tion period. 

There are 214 houses located within the catchment boundaries. 
The market price (1975) of the houses is within the range $75,000 - 

$100,000, All the properties are wel 1 -maintained , The average size of 

2 
lots is estimated at about 9000 ft (90 x 100 ft). 

2.4 Catchment Surface Hydrology 

For runoff calculations, two types of catchment surface are 
considered - pervious and impervious^ In Malvern catchment, 37'5 acres are 
pervious and 20,1 acres are impervious. 

The pervious area can be further subdivided into front yards (9,9 
acres) and backyards (27.6 acres). The front yards drain directly onto 
road and their slope varies from 1 to 101. The runoff from front yards may 
reach the sewer inlets in a relatively short time (10^25), 

Backyards slope gently (2-31) towards drainage swales running 
along the backline of lots and draining either onto streets, or Into sewer 
inlets located in backyards. The runoff from backyards is thus retarded In 
comparison with that from front yards. 

The time of concentration, defined here as the time required for 
the surface runoff from the remotest part of the drainage basin to reach 
the point under consideration (I.e. road gutters), was calculated for 
various slopes, and the results are shown In Table 3- 

The ealcylatlon was made using the following empirical forraula 



0.6 0.6 

'c= "•" 0.4 "o.3 

I S 

where; t is the overland flow time of concentration (minutes), 
L Is the length of overland flow (feet), 
n Is the Manning roughness coefficient. 



TABLE 3. TIMES OF CONCENTRATION FOR FRONT YARDS AND BACKYARDS 

a) Front yards 

L - 35 ft; n = 0.25; i - 0.1 In/hr - 2.0 in/hr; s = 0.01 - 0.10 







! 


Time of 


con cen t ra 1 1 on (minutes ) 




Slope 


,01 


„02 




.03 




.05 


.08 


,10 


Ra i nf a 1 1 


OJ 


3^.0 


27.6 




2I1.5 




21,0 


18.2 


17.0 


Excess 

Intensities 

(In/hr) 


0.3 
0.5 


22,0 
17.9 


17.8 




15.8 
12.9 




13.5 
11.1 


11.8 
9.6 


IIKO 
8.9 




1 .0 


13.6 


n.i 




9.8 




B.h 


7»3 


S.$ 




2.0 


10„3 


B.k 




7.^ 




6A 


5.5 


5.2 


Typical values 


corresi 


3ond to 


slopes of 


0. 


02 and 





03 







b) Backyards 

L ^ 40 ft; n = 0.25; " ^0.1 in/hr - 2.0 in/hr; s ^ 0.01 - 0.03; 

time of travel through swales 30-40 minutes. 







Overl 


and time 


of 


Time of 


concent rat ion 






Concentration 


Cm in; 




(min) 




Slope 


,01 


,02 


.03 


.01 


.02 


.03 


Rainfall excess 


0.1 


36.8 


29.9 


26.5 


76 » 8 


69 = 9 


66.5 


intensities 
(in/hr) 


0.3 
0.5 


23 = 8 


19.3 
15.7 


17.1 
14.0 


61.3 
54.4 


56»8 
50.7 


54.6 
49.0 




l,,.,0 


14.7 


12„0 


10.6 


47.2 


44.5 


43.1 




2.:§ 


11.2 


9.1 


8.0 


41.2 


39. 1 


38.0 



Typical values are obtained for the slopes of 0.02 and 0803. 
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I Is the steady excass rainfall intensity (inches/hour), 
s is the overland slope (feet/foot). 

The infiltration has not been measured. The infiltration rates 
were calculated from Morton's formula 3 '* 



f (t) ^ f. + (f - f.) e 

I o I 



-at 



where: f (t) Is the infiltration loss at time t (in/hr), 
f^ is the Infiltration loss at time t - (in/hr), 
f . is the ml n I mum i n f 1 1 1 ra 1 1 on loss (In/hr) , 
a (= ,00115 sec ) is the decay coefficient, 
t is time measured since the start of rainfall. 

As the first approximation, the following values of the Infiltra- 
tion parameters were selected: 

f^ = 3.0 f. = 0.52 a = 0,00115 

Considering the type of soil on the catchment, a sandy loam, 
weri-dralned, the above values may be underestimating the actual infiltra- 
tion losses. 

Surface storage and roughness - both parameters were put equal to 
the SWHM defaylt values, I.e. 0.184 inches and n = 0.25, respectively. 
Other estimates for these two parameters, as well as for the infiltration 
losses, will be obtained from runoff model calibrations. 

The impervious area consists of roofs, roads, driveways and 
s I dewa I ks • 

All the roof leaders are connected to the storm sewers. The 
total roof area Is 8,1 acres. 

Roads - the total length of roads within the catchment Is 1.87 
miles, the total curb length is 2 x 1.87 = 3.7^ miles and the road 
surface area Is 6.68 acres. Host of the roads In the area serve for local 
access only. The only exception is Spruce Avenue (L - 0.26 miles) which 
serves also as a throughway running parallel to the major traffic roytes. 

Driveways - all the driveways (typically double driveways) In the 
area are paved and drain directly onto roads. The total surface area Is 
3.11 acres, the slope Is 0,02 - 0,05, 



11 



sidewalks - the paved sidewalks area is 1,63 acres. A certain 
portion of this area drains directly onto streets (or via driveways), and 
the rest drains onto narrow strips of grass between the sidewalk and road. 
The entire sidewalk area was considered to be directly connected to the 

sewer system. 

The total imperviousness of the Halvern catchment was taken as 

I - 19.5/57.6 - 3^^. 

Impervious surface storage was estimated from runoff simulations 

as 0.02 Inches. Imparvlous surface roughness was taken as n = 0.013. 

Basic Information about the catchment surface is summarized in 
Table h. The parameter values in Table k should be considered as first 
estimates only. Typically, these parameters, with the exception of the 
surface areas, are determined by a runoff model caribratlon. A further 
review of the values shown will be made after more field observations have 
been analyzed, 
2,5 Sewer System 

The Malvern catchment is served by a tree-type, converging 
separate sewer system (see Figure 2). All the sewers are made of standard 
concrete pipes. The sewer system is relatively new and in good condition. 
The pipe roughness was estimated as n = 0.013* 

Pipe sizes, lengths, slopes, capacities, full bore velocities and 
t i me s of t rave 1 a re 1 i s t e d in Ta b 1 e 5 . 

The two most remote pipe inlets are those at the upstream ends of 
pipes I and 23. The times of travel for both inlets are shown below. 

P i pe fill ed App rox i ma te f I ow Time of Travel (minutes) 



to 



at the outfall Pipe 1 Pipe 23 



.2D 



3 cfs 17.3 IB.I 

3D 7 cfs 13.6 1^.3 

iiD 13 cfs 11 .7 12.3 

5D 20 cfs 10.^ 10.9 

50 cfs 8.3 hi 



l.OD 



The total length of sewers is 9,135 ft; the total storage volume 

3 

of the pipes (fully filled) is 18,650 ft^. 
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TABLE 4, MALVERN CATCHHENT SURFACE CHARACTERISTICS 





Pervi« 


3us Surface 


Impervioys Surface 


Area (acres) 




38.09 




19.51 




% of total (-57.6 ac) 




66.0 




34.0 


1 


Ground Slope (ft/ft) 


,01 


- .03 




.01 - .03 


I 


Manning's n 


i 


.25 




.013 




Surface Depression Storage (In) 




.184 




.02 


1 


Infiltration rates - Maximum 
(in/hr) 




3.0 




!■», 




Minimum (In/iir) 


ii 


0,52 




•■< 




Decay rate (sec ) 




.00115 




■Is 


• 


Surface sub-type 


Front 
yards 


Back 
yards 


Roofs 


Roads Drive- 
ways 


Side- 
wa 1 ks 


Area (acres) 


8.00 


30.09 


8.1 


6.68 3.10 


1,63 


% of total (=57.6 ac) 


1i|.0 


52.0 


14.0 


11.6 5.4 


3.0 



II 




FIGURE 2. MALVERN CATCHMENT- STORM SEWER SYSTEI 
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TABLE 5. SEWER PIPES - BASIC DATA 



P 1 pe 


Used 


Drains 


Pipe 


invert 


P 1 pe 


Full 


Ful 1 


Fu 11 Pi pe 


num- 


in Sim- 


into 


diam- 


s 1 ope 


length 


P i pe 


pipe 


time of 


ber 


ulat- 
ions 


pipe 


eter 
(in) 


(ft/ft) 


(ft) 


capacity 
(cfs) 


ve 1 , 
(fps) 


travel (sec) 


1 




2 


12 


.008 


295 


3.2 


4.1 


70.0 


2 




s 


15 


.007 


220 


5.8 


4.7 


46.6 


.3 
1 


X 


7 


18 


.005 


525 


7.4 


4.2 


124.7 




i 


12 


.005 


149 


2.5 


3.2 


46.3 


5 




i 


12 


,008 


210 


3.2 


4.1 


51.6 


6 


X 


1 


12 


.013 


213 


3.9 


5.0 


42.8 


7 


X 


18 


.010 


151 


10.5 


6.0 


25.2 


8 


X 


11 


18 


.0132 


148 


12.5 


7.0 


21.0 


i 




10 


12 


.008 


266 


3.2 


4.1 


65.4 


n 


X 


11 


15 


.008 


260 


5.8 


4.7 


55.1 


11 


X 


21 


21 


.012 


187 


17.4 


7.2 


25.9 


12 




13 


12 


.005 


132 


2,5 


3.2 


41.0 


13 


X 


14 


15 


.005 


583 


4.6 


3.7 


156.3 


14 


X 


15 


IB 


.005 


298 


7.4 


4.2 


70.8 


15 


X 


19 


27 


.010 


242 


31.0 


7.8 


31.0 


16 




17 


12 


.005 


229 


2.5 


3.2 


71.1 


17 




18 


12 


.015 


156 


4.4 


5.6 


28.0 


18 


X 


19 


21 


.020 


304 


22.5 


9.3 


32.5 


19 


X 


21 


27 


.012 


394 


34.0 


8.5 


44.9 


20 




21 


10 


.015 


140 


1.6 


2.8 


49.3 


21 


X 


22 


27 


.009 


161 


29.4 


7.4 


21.8 


22 


X 


36 


30 


.005 


390 


29,1 


5.9 


65.9 


23 




24 


12 


.009 


268 


3.4 


4.3 


62.0 


24 




25 


15 


.010 


300 


10.5 


6.0 


50.3 


25 


X 


27 


18 


.0068 


301 


8.7 


4.9 


61.3 


ze 




27 


10 


„012 


160 


2.5 


4.5 


35.6 


27 


X 


28 


18 


.012 


224 


11.5 


6.5 


34,3 


28 


X 


30 


18 


.0156 


292 


13,2 


7.4 


39.2 


29 




30 


10 


.006 


88 


1.7 


3.1 


28.2 


30 


X 


31 


27 


.0024 


546 


15.2 


3.8 


142.9 


31 


X 


35 


27 


.002 


194 


13.9 


3.5 


55.6 


32 




33 


12 


.007 


247 


3.0 


3.8 


64.8 


33 




34 


12 


.020 


172 


5.1 


6.4 


26,7 


34 


X 


35 


12 


.0236 


238 


5.5 


7.0 


34.0 


35 


X 


36 


27 


.0042 


280 


20.1 


5.1 


55.3 


36 


X 


outlet 


33 


.0086 


176 


49.2 


8.3 


21.3 



m 



M 



I CATCHMENT INSTRUMENTATION 

The precipitation and runoff flows have been continuously moni- 
tored at a single point within the catchment boyndaries (see Figure 1) and 
recorded on a single chart. The monitoring program was later expanded to 
include the quality of urban runoff, which has been monitored by collecting 
and analyzing discrete, sequential samples of storm water. 

The instrumentation description presented in this section refers 
to the instrumentation installed in 197^- The less sophisticated instru- 
mentation system used in the fall of 1973 's briefly described in Section k 

3.1 Precipitation 

The precipitation on the Malvern catchment is measured by one 
Leupold & Stevens tipping bucket ralngayge of capacity of 0,01 inches. The 
raingayge output is recorded by the Leupold & Stevens Type A (Model 71) 
Recorder, The chart drive speed used, 2,^ inches/hour (61 mm/hour), makes 
It possible to discretize the records Into one-minute intervals. Such a 
fine discretization was used for short, medium- to-high intensity storms. 
For long, low-intensity storms, a five minute discretization interval was 
usedo 

The location of the Malvern ralngauge is shown in Figure 1. For 
some storms, the Malvern rain records were checked against those obtained 
from two municipal raingauges located within two miles of the Malvern 
catchment, 

3 . 2 Runoff Flow Rate 

Runoff flow rates are monitored contlnyously by means of a 
rectangular weir located at the oytfall from the sewer system. Figure 3 
shows bas i c d i mens ions of the i n s ta 11 a t i on . 

A rectangular weir was selected because of its good accuracy for 
Intermediate and large flows, and high flow capacities even for relatively 
small weir heads. Such high flow capacities helped to avoid the surcharg- 
ing of the outfall pipe. The weir suffers from one shortcoming - low 
sensitivity for small flows (less than 3 cfs). This shortcoming Is out- 
weighed by the aforementioned advantages. 



16 



Tf -■^f-'wcwrf^^i^^^j^^'-' 



'SP^a^''^^ '^™P'- 2?lIl!j;B!H»r"^3a'-i 




SAMPLER 




STILLING WELL FOR 
SAMPLER ACTIVATION 
(see detail below) 



STILLING WELL (for head measurements) 



SAMPLER 
(WITH A 
TIMER) 



Oa/ 



T>^ 



STILLING WELL 



NOTE - 



SPRING -LOADED SWITCH OFF y ^ [^ 
LEVER, KEPT IN THE 'OFF' 
POSITION BY THE WEIGHT 
OF FLOAT 




MICROSWITCH 



STEEL CABLE 



FLOAT 



a 



PRESELECTED 
SEWAGE DEPTH 
INCREMENT 



:E THE POWER CIRCUIT 
IS CLOSED, SAMPLE COLLECTION 
IS GOVERNED BY THE TIMER 



wmmmmmmmmm^A 

FIGURE 3. SAMPLER AND MEASURING WEIR INSTALLATION 
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Weir rating curve - The measyring weir (height - 1 ft^ width ^ 
3.53 ft) was calibrated in the Hydraulics Laboratory of the Canada Centre 
for Inland Waters. The weir box to be used in the field was attached to a 
steel pipe of the same diameter as the drainage outfall, and the weir was 
calibrated for flows ranging from O.A cfs to 16 cfs. The latter flow was 
the niaximum attainable in the laboratory setup. Beyond the upper limit, 
the weir rating curve was extrapolated. 

The results of calibration are plotted in Figure h together with 
a standard rectangular weir rating curve calculated from the following 
Klndsvater-Carter formula [h]: 

a - C^ L (H )^^^ 
gee 

where* C - effective coefficient of discharge = 3-22 + 0.^ H/P» 
e 

P = wei r height (ft) , 

H s effective head on weir crest [ftj - H + 0.003, 
e 

H = weir head (ft), 

L = effective length of weir crest (ft) = L - 0,003, 

L - length of weir crest (ft). 

The calibration data seem to deviate significantly from the 
standard weir curve. This deviation Is systematic - the calibrated weir 
discharges all flows at smaller heads than those calculated from the 
aforementioned equation. This discrepancy Is caused by the difference in 
the flow conditions upstream of the weir - the above formula was derived 
for a weir placed in a rectangular flume, whereas the calibration data were 
affected by a much higher approach velocity in the circular drain leading 
to the weir box. Under these circumstances, the extrapolated rating curve 
(i.e„ for flow larger than 16 cfs) may not be reliable and, consequently, a 
scale model of the weir box was eal Ibated for the entire flow range (O-8O 

cfs) . 

The final rating curve for the weir is shown in Figure h. 
Analysis of the rating curve indicated that the curve was defined 

with an accuracy better than +2% for flows larger than 3 cfs (I.e. at 

951 level of confidence). For smaller flows, a lesser accuracy (2 - Bt] 

was achieved. 
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We I r head reco rd I ng - The weir head is measured In a stilling 
well attached to the weir box and recorded by the Leupold & Stevens Water 
Level Recorder, Type A, Model /I. The standard recorder, which records the 
precipitation and water levels only, was modified to record also the 
operation of two automatic samplers. This arrangement offered a perfect 
1 1 roe synch ron I za 1 1 on of a 1 1 reco rded da ta , 

A metric version of the recorder was used with the ratio of the 
pen displacement to the water level displacement 1:5. The instrument 
accuracy was better than + 3 mm (O.OI ft). 

The recorder was driven by a synchronous motor; the drive speed 
was 57.6 inches per 2k hours (2.^ in/hr)« The record resolutions were as 
f o 1 1 ows : 

time ** 1 minute 

precipitation *• 0.01" 

weir head * 0.25 mm 

sampler operation - 1 minute 

The Instrument performed quite well; no malfunctions were 
encountered during the 2 1/2 years of operation^ 

3 . 3 Monitoring of Runoff Quality 

The terms of reference of the study were expanded in the summer 
of 197^ for the runoff quality aspects. The runoff quality was to be 
monitored by means of collection of storm water samples, which were 
subsequently analyzed for a number of parameters. Initially, one automatic 
sampler was installed at the outlet (August, 197^). Frequent malfunctions 
of the sampler led to a considerable loss of data* In fact, the runoff 
quality was successfully monitored for less than 50^ of all observed 
events„ Consequently, a second sampler was Installed in 1975 and both 
samplers were operated independently. As a result, about 80^ of all events 
were syccessfully monitored, A description of the samplers and their 
ope ra 1 1 on f o 1 1 ows ^ 

Samplers 

Two types of samplers were used In the study, the Slrco sampler 
B/ST-VS/24A-EX and a portable Slrco sampler MK-VSy. The main difference 
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between both samplers Is the volume of samples - the former collects 1000 
ccm samples and the latter 500 ccm samples. Both models are vacuum type 
samplerSj battery operated. The sampling cycle consists of a presampl ing 
purge, sample withdrawal and postsampling purge. Up to 2k of sequential 
samples may be collected at a fairly high Intake line velocity (about 1.0 
m/s for lifts up to 2 m) . The samplers can be controlled either by a 
t i me r , or by an exte ma I s I gna 1 . 

Samp 1 e r ope ra 1 1 on 

Both samplers are activated automatically when the level of storm 
water in the outfall sewer rises by about 1.5 inches. A sketch of the 
activating mechanism is shown in Figyre 3» a brief description follows, A 
two-inch plastic pipe fastened to the weir box functions as a stilling well 
for a small floaty which Is suspended on a string from the spring- loaded 
arm of a mlcroswitch. For zero weir head, the weight of the float keeps 
the microswitch In the "off" position. When the water level and the float 
rise by about U5 inches, the load Is taken off the microswitch, and the 
spring puts the switch arm into the "on" position. The mlcroswitch then 
closes the sampler power supply circuit, and the time controlling the 
sample collection is activated. The first sample is withdrawn about one 
minute after the circuit closure; the remaining samples are collected at 
five-minute intervals. For some of the long duration storms, the sampling 
interval was changed to 15 or even 30 minutes to extend the total sampling 
period from two hours (i.e. 2^ samples at five-minute intervals) to six or 
even 12 hours. 

Sampler operation is terminated In two ways, either after 2k 
samples have been collected or when the stage In the weir box falls within 
1.5 inches of the zero-flow level. The operation of both samplers have 
been recorded. 

Processing of samples 

Samples were removed from the samplers shortly after the end of 
runoff events and delivered to the Analytical Services Section of the 
Canada Centre for Inland Waters, There the samples were preserved and 
eventually analyzed. Whenever possible, the samples were analyzed for BOD, 
COD, Suspended Solids, Settleable Solids, Nitrates and Nitrites, and Phos- 
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phates. In some cases, additional tests were also performed. Quite 
frequently, the sample volyme was not sufficient for all the above tests 
in those cases, some tests had to be deleted. The details of these 
ana 1 yses and add i 1 1 ona 1 qua 1 1 ty background 1 n format i on (e . g o qua 1 1 ty of 
rainfall water, frequency of sweeping, cleaning of catchbaslns) will be 
reported In subsequent volumeSo 
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km 1973 PRiC I PITAT I ON/RUNOFF DATA 

h.l jnst rumen tat ion 

The data acquisition system used during the period Sept, f, 1973 
to DeCo 10 1973 differed from that described In the preceding section. A 
brief description follows.. 

Precipitation gauge - a standard AES tipping bucket and a 24-hour 
recorder were used„ Bucket capacity was 0.01 inches. The recorder had a 
rather low chart speed - Oa59 inches per hour. The time resolution was 
about two minutes. The chart had to be changed every 2k hours. 

Rynoff flow rate - the weir arrangement described In Section 3 
was usedp The weir head was recorded by the Ott Vertical Water Level 
Recorder, Type R16. This is a very accurate water level recorder; the 
accuracy was about + 0.005 ft. The chart speed is 0.63 inches per hour, 
time resolution about two minutes. The chart had to be changed every 24 
hours. 

The main drawbacks of this instrumentation were poor synGhronlza- 
tlon of precipitation/runoff records and the need to replace charts every 
day, 

4.2 P^reci pi tat I on/Runoff Data 

The data collection period extended from September 1, 1973| to 
December 10, 1973. During this period, 20 minor-to-medium storm events 
were monitored. All these events are listed In Table 6= 

Nine events were selected for further study, and for these events 
the ratios of measured runoff volume /measured precipitation volume were 
determined a VJith the exception of storm "G", the values of the above 
ratios were within the range 0,307~0.368, The average value (without storii 
"G") was Q,340, which is Identical to the imperviousness of the catGhment, 
This value 0.34 therefore indicates that virtually all the measured runoff 
originates on the impervious so r face. Such a conclusion Is plausible, 
since the recorded precipitation intensities were rather low, in most cases 
not exceeding the losses caused by infiltration and filling of surface 
depression storage on the pervious area. 

Storm "G" (see Table 6) yielded an unusually large runoff. 
Nearly SOt of precipitation left the catchment as runoff, which would 
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TABLE 6. STORHS MONITORED FROH SEPTEMBER 1, 1973 TO DECEMBER 10, 1973 






Storm 


Date 


Time 


Duration 
(hfs) 


Total Prec 


1 pi tat ion 


Selected 

for 
fyrther 
study 


Runoff 

T. Prec 1 p. 


Selected for 
simulation - 
sim. number 


(In) 


(mm) 


A 


Sept. 17 


1623-1958 


3.6 


.18 


4.6 








B 




2300-2416 


1.3 


A3 


3.3 


, 






C 


Sept. 22 


0656-0912 


2.3 


.84 


21.3 


X 


.368 


1 


D 




1117-1700 


5.7 


.18 


4.6 








E 


Sept. 23 


0819-1148 


3.5 


.35 


8.9 


X 


.337 


2 


F 


Oct. 2 


0130-0550 


4.3 


.12 


3.0 








G 




1930-2300 


3.5 [ 


,77 


19.6 


X 


.495 




H 


Oct. h 


1552-2442 


8.8 


.27 


6.9 








1 


Oct. 13 


1617-2355 


7.6 


.38 


9.7 


X 


.307 


3 i 


J 


Oct- 28-29 


0418-0530 


25.2 


.1.30 


33.0 


X 


.|5S 


4 


K 


Oct. 29-30 


1145-1145 


24.0 


1.70 


43.2 


X 


.356 


5 


L 


Oct. 30-31 


1125-2301 


35.6 


.30 


7.6 








M 


Oct 31 -Nov. 2 


2028-0910 


12.7 


.30 


7.6 




i 




N 


Nov. 2 


1452-1750 


3.0 


.19 


4.8 




i 







Nov. 14 


0020-0940 


9.3 


.64 


16.3 


X 


.352 


6 


P 


Nov. 15 


1138-1738 


6,0 


.77 


19.6 


X 


.310 


7 


a 


Nov. 21 


1200-2300 


11.0 


.29 


7.4 








R 


Nov. 29 


0402-1525 


11.4 


.69 


17.5 


X 


.328 


8 


S 


Dec. 4-5 


1235-0410 


16.6 


.33 


8.4 








T 


Dec. 9 


1025-2115 


10.8 


.18 


4.6 




i 








E ^ 206.2 


E- 9.91 


E ^ 251.9 




Avg. » .340 





indicate large runoff contributions from the pervious area. A detailed 
examination of the precipitation record showed that the recorded precipi- 
tation was probably underestimated because of recorder malfunction caused 
by a low battery voltage^ The storm "G" was therefore eliminated from 
further considerations. 

The remaining eight events are characterized by relatively low 
average rainfall intensities - from 0,05 in/hr to 0,37 in/hr. The total 
p rec i p i t a t i on pe r s to rm va r i e d f rom . 35 Inches to 1 . 70 inches (Storm #5 ) . 
The frequency of occurrence of these storms Is now known, but it should be 
noted that on the Malvern catchment, only about 15 storms exceed annually 
the precipitation of 0.30 inches. The storm durations varied from 3.3 
hours to 25.2 hourSo The maximum rainfall intensity observed was 2,k 
in/hour. None of the observed storms approached the severity of a design 
storm. Nevertheless, the observed storms represent typical events useful 
for the calibration of runoff models and for the studies of urban runoff 
quality 9 The details of the data collected appear in the Append Ixs 
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S. RUNOFF SIHULATIONS WITH THE SWMM RUNOFF BLOCK 

The selected precipitation-runoff events observed on the Halvarn 
catchment were simulated with the Runoff Block of the SWMH. Such a proce- 
dure Is acceptable, If according to the SWMH User's Manual [7l the follow- 
i n g cond 1 1 i ons are me t : 

- sewer pipes and gutters are the only hydraulic elements used In 
flow routing; 

■^ no significant backwater effects occur; and 

- the routing of quality constituents is ynnecessary. 

All these conditions were met in the case of the Malvern catchment. 

Furthermore, the Runoff Block could be run on an in-house 
computer (CDC 3300), whereas the inclusion of the Transport Block in the 
simulations would require the use of a larger, conmerclal computer 
facility. Comparative runs with the Runoff Block routing and Transport 
Block routing will be made in the subsequent stages on the study. 

At this stage of the study, the simulations were made with a 
partially calibrated SWMM, The parameters which could not be determined 
directly were assumed to be equal to the default values built into the 
SWMM.. The only exception was the surface storage on the impervious area. 
The value of 0«02 inches rather than 0,062 Inches (i.e. the default value) 
was usedo 

5,1 Catchmen t D I sere 1 1 za t i on 

For modelling purposes, the catchments are subdivided Into a 
number of subcatchments representing the physical drainage system. There 
Is no exact procedure for catchment discretization, and the number of 
elements depends on the modeller's choice. The agreement between the 
observed and simulated runoff events seems to be the only way to evaluate 
the correctness of the discretization selected, provided that the model Is 
fully applicable to the catchment studied and model parameters were 
correctly selected^ 

Drainage patterns on the Malvern catchment are shown in Figure 5. 
Following these patterns and sewer layout, the catchment was subdivided 
into 10 subcatchments o The sewer system was represented by 21 pipes (see 
Figure 5). The characteristics of subcatchments are given in Table 7o As 
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FIGURE 5. MALVERN CATCHMENT DISCRETIZATION 



TABLE 7. SUBCATCHHENT CHARACTERISTICS 





Subcatchment Number 


1 


2 


3 


4 


5 


6 


7 


8 


9 


10 




Sewer pipe 
for drainage 




1 


€ 


IS 


13 


ii 


n 


25 


30 


34 


22 




Area (acres) 




5.611 


6.23 


3.87 


6,01 


6.12 


2.26 


9.47 


6.62 


8.14 


2.14 




impervious area 




uag 


2,21 


1.66 


2.81 


IJi 


1.22 


2.7^ 


2.11 


1.87 


K07 




(acres) 


























Pervious area 




3.75 


4.02 


2.21 


3.20 


4.23 


2.14 


6.73 


4.51 


6.27 


1.07 




(acres) 
























ts3 


IruperviQUsness 


m 


33.8 


35.7 


42.5 


46.8 


31.0 


36.0 


28,8 


32.0 


23.1 


50.9 




Catchment SWHM 
width (ft) 




1400 


2400 


1390 


1930 


1930 


1060 


2550 


2050 


2180 


1100 




Length of curb 
(100 ft) 




17.^8 


23.18 


15-42 


22.07 


20.33 


11.15 


30.47 


21.75 


24.76 


10.77 




Number of catch 




1 


4 


7 


f 


1 


i 


II 


1 


i 


* 




basins 


















. „__ . 
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discussed later, the selected catchment discretization was found suitable 
and good simulation results were obtained. If desirable, the 10 sub- 
catchments coyld be aggregated into a smaller number of catchments to save 
on computer costs. This would require, however, considerable changes in the 
simulated sewer system, and such changes, rather remote from the physical 
reality, were considered inappropriate here. The resulting savings on 
computer costs would be negligible In the case of the Halvern Catchment, 

Only 21 sewer pipes out of the total number of 36 pipes were used 
in the model simulations. The neglect of 15 pipes results In the reduction 
of the total pipe storage volume by 131 only, since only small pipes were 
neglected. This loss of storage was then partially compensated by Increas- 
ing the diameters of some pipes, typically, along the route from the sub- 
eatchment inlet to the downstream subcatchment boundary. This was done to 
avoid possible sewer surcharging which may occur in model simulations, but 
would not occur in real life. Such a surcharging would be caused by the 
assumption in the runoff simulations that all the surface runoff flow enters 
the sewer system through a single Inlet located close to the centrold of the 
subcatchment area. At this point, the sewer pipe Is not designed to carry 
the total flow, since In the real sewer system the runoff flow enters the 
sewers through a number of Inlets, and only the very downstream sewer pipe 
has a capacity sufficient to carry the total flow. 

After Increasing the sewer capacities as outlined above, the 
actual loss In the pipe storage became negligible, 

5.2 Simulation Results 

For the eight storms selected, the runoff simulations were per- 
formed with the Runoff Block of the SWMH. In the first three events, the 
time step and the precipitation Interval were two minutes. For the remain- 
ing five events, the time step was five minutes and the precipitation inter- 
val varied from five to ten minutes. The longer precipitation intervals 
were found adequate for the long-duration, low- intensity storms. The use of 
a time step shorter than the precipitation interval was necessary in order 
to achieve the numerical stability of the flow routing scheme. 

The values of model parameters used in the simulations are shown 
in Table 4e With the exception of the surface depression storage on 
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Impervious areas, these values are identical to the default values built 
Into the SWHM. 

No significant surcharging has occurred for the eight storms 
studied. Some minor surcharging occurring in the upstream parts of the 
sewer networl< was simulated by the model by storing the flows in excess of 
pipe capacities at the sewer junctions and releasing the volume stored bacl< 
into the sewer system later, when the flow fell below the pipe capacity. 
The volumes stored in this way have not exceeded 200 ft and are negligi- 
ble in comparison with the total runoff volumes. 

The results of simulations are summarized in Table 8 and presented 
pictorial ly in Figures 6-9, Table 8 contains information on total volumes 
of measured precipitation, measured runoff, simulated runoff, simulated 
su r face de press i on s to r age (on pe r v i ou s a rea s ) and infiltration. Ru no f f 
peal< flows and times to peak are also included for both observations and 
simulations. 

In Figures 6-9, observed and simulated runoff hydrographs are 
plotted. The plots of the simulated hydrographs were shifted along the tinw 
axis to achieve the best visual agreement between the measured and simulated 
hydrographs. The magnitude of these shifts is indicated In the figures. 

5 , 3 Discussion of Results 

The results presented here have two major limitations: a) the 
small number of observations, and b) in none of these events did the 
pervious areas contribute significantly to the total runoff. Both these 
shortcomings are likely to be corrected In later stages of the project as 
more field data becomes available, 

5 , 3 J Runoff volumes 

The total runoff volumes were simulated by the Runoff Block fairly 
accurately. The average value of the ratio of measured to simulated runoff 
volumes Is 1.03 (see Table 8). The standard deviation about mean is 0.06» 
Both these values represent a statistically significant Improvement over the 
SWHM results presented previously by Heeps and Meln [1], and Harsalek et al 
[5], This can be explained by the accuracy of the Malvern data, which were 
checked more rigorously than the data from the previous studies. 

The observed rainfall intensities rarely exceeded the Infiltration 
capacity considered In the model and, therefore, only runoff from the Imper- 
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TABLE 8. SUMHARY OF RUNOFF SIHULATIONS WITH THE RUNOFF 
BLOCK OF THE SWMM ON THE MALVERN CATCHMENT 



Storm Number 


1 


2 


3 


4 


5 


s 


7 


8 


Average 


Standard 
deviation 
(1 of aver) 


Precipitation (in) 


.71 


.36 


.31 


1.15 


1.48 


.60 


.71 


.48 






Precipitation ' 
volume (xlO^ ft^) 


1^8.5 


■ 
75.3 


64.8 


240.5 


309.5 


125.5 


148.5 


100.4 




; 


Measured runoff 
volume (xlO^ft^) 


5^.6 


'1 
25.4 


19.9 


86.1 


110.3 


44.2 


46.1 


32.8 






Runoff volume/Pre- 
cipitation volume 


.368 


.337 


.307 


.358 


.356 


.352 


1 
.310 


1 

.328 


.340 


1' 

71 


Volume of simulated 
gutter flow (xlo¥t ^ 


49.5 


24.4 


20.9 


80.2 


103.7 


41.4 


49.2 


32.8 




\ 


Volume of simulated 
lnflltration(xl0¥t ^) 


98.2 


49.8 


42.9 


159.2 


204.6 


83.0 


98.2 


66.4 






Surface depression 
storage volume(xlO ^ft ^ 


1.1 


1,1 


1.1 


1.1 


1.1 


1.1 


1.1 


1.1 






Simulated runoff vol- 






















uma/precipitation 
vo 1 ume 


• 333 


.324 


. 323 


.333 


.335 


.330 


.331 


.327 


.330 


1 . 31 


Measured runoff vol- 










- 






:' 






ume/simulated runoff 
vol ume 


1.10 


1.04 


0,95 


11. 0'? 


1.06 


1.06 


.94 


1.00 


1.03 


61 


Measured runoff 
peak flow (cfs) 


32.4 


25.2 


8.1 


8.5 


10.8 


10.4 


6.4 


9.8 
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TABLE 8. (CONT'D) 
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Storiii Number 


1 


2 


3 


4 


1 


6 


1 


s 


Average 

( 


Standard 
deviation 
% of Aver. 


Simulated runoff 
peak flow (cfs) 


3^.5 


[ 

22.4 


8.3 


6.0 


8.8 


9.4 


6.9 


9.6 






Measured peak/ 
simulated peak 


.Sh 


1.13 


.98 


1.42 


1.23 


1 . 1 1 


.93 


1 
1.02 


1.095 


151 


Measured time to 
peak (minutes) 


39 


113 


96 


385 


455 


375 


132 


228 


1 
1 




Simulated time to 
peak (minutes) ; 


37 


lie 


1 
94 


t 
390 


430 


385 


13S 


244 


, 




Measored time to 
peak/simulated 
t ime 


1.05 


.36 


1.02 


.99 


1 
1.06 


.97 


.96 


1 -.93 


.99 


4.71 
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vious areas was simulated. Consequently, the simulated runoff volume Is a 
nearly constant proportion of the total precipitation volume, as seen in 
Table 8, 

The variation In the ratio of simulated to measured runoff volumes 
closely follows that of the ratio of the measured runoff volume to the 
measured precipitation volume. A further analysis of the latter ratio 
indicated that there was a positive correlation between the total precipi- 
tation and the ratio of runoff to precipitation volumes. In other words, 
the larger the total precipitation, the larger percentage of precipitation 
is transformed into surface runoff. Such a finding is in agreement with the 
expected behaviour of the catchment. 

By model calibration, the average value of the ratio of measured 
to simulated runoff volumes could be made equal to one by increasing the 
Imperviousness of the catchment, reducing the Infiltration and reducing the 
surface storage on both pervious and Impervious areas. As elaborated below, 
no physically based justification was found for any of these adjustments. 

An increase in the catchment imperviousness could be explained by 
a possible error In the determination of the imperviousness from a map and 
from an air photo. The imperviousness used In the simulations (3^^) » 
however, may be already on the higher side of estimation, since all of the 
sidewali< area (31 of the total area) was included In the directly connected 
impervious area, though some loss of runoff from the sidewalks may occur, A 
further increase In the catchment imperviousness is therefore unwarranted at 
present. 

The impervious surface storage of 0,02 inches appears to be a 
minimum value which cannot be further reduced. An Identical value was 
adopted In a previoys calibration of the SWMH [6]. 

The selected Infiltration rates do not appear to be excessive for 
the sandy, well-drained soil occurring on the Malvern catchment (see Table 
2). The evaluation of these rates will be possible only after some runoff 
data for very intense, long duration storms have been collected, and some 
Infiltration measurements have been made. At the same time, the surface 
storage on the pervious areas will be evaluated. 

The small underestimation of the simulated runoff volumes may be 
caused by an undercatch of the Malvern precipitation gauge. A further study 
of this question will require the installation of a second raingauge on the 
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FIGURE 6. STORM #1 - MEASURED AND SIMULATED RUNOFF 
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FIGURE 8. STORMS #3,7, 8 -MEASURED AND SIMULATED RUNOFF HYDROGRAPHS 
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Haivern catchment within say 0.5 miles of the first gauge. Both munrclpal 
raingauges are too remote (2.3 miles) for this purpose. 

In any event, the small underestimate in the simulated runoff 
volumes of the order of 31 Is fully acceptable from the practiGal point of 
view. 

5 , 3 , 2 Runoff peak flow rates 

Measured and simulated runoff peak flow rates are shown in Table 
8, In most cases, the runoff peaks were somewhat underestimated, which is 
consistent with the ynderestimation of runoff volumes. The variance of 
results about the mean was about 151, not significantly different from the 
previous study [5]. The simulations of peaks seem to be fairly accurate, 
pa r 1 1 cu 1 a r 1 y f o r s 1 mu 1 a t i on s done f o r sho r t 1 1 me I n te r va 1 p rec i p i t a t i on da ta 
and short simulation time steps (see storms #1, 2, and 3). Larger devia- 
tions encountered for long duration, low intensity storms (4-8) are partly 
caused by the rainfall discretization into 10 minute intervals. Short 
i n te r va 1 , high Intensity ra i n f a 1 1 tend s to ca use h i ghe r r unof f pea ks t ha n 
the same volume of precipitation spread over a longer time intervaK 

The largest deviation of the simulated peaks from the measured 
ones was found in the case of storm #1 for the third and fourth peaks (see 
Figure 6). Otherwise In this storm, the first two peaks were simulated 
quite accurately and also the agreement between the entire measured and 
simulated hydrographs was perfect. It Is felt, therefore, that the 
underestimation of the simulated third and fourth peaks was caused by the 
underestimation of rainfall intensity rather than by a biased model 
structure, which would have affected the simulation for an extended period. 
If not for the entire storm^ 

in general, the simulation of runoff peaks was found satisfactory 
for practical purposes. More storms of higher intensity will be needed to 
draw conclusions about the predictability of Malvern runoff peaks with the 
SWMM model 

5 . 3 • 3 Time to peak 

The observed and simulated times to peak are summarized In Table 
8, A fairly good agreement between the both sets of values was found. In 
fact, when describing the goodness of fit of the simulated times to peak to 
the observed ones by the ratio of simulated to observed values, the average 
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¥ilue of this ratio was 0.9S and the standard deviation was 4.71, These 
results are better than those reported previously [5, 6]. 

The difference between the simulated and observed times is descri- 
bed by the time shifts indicated in Figures 6-9. The magnitude of these 
shifts varies from -Ik to 8 minutes, Huch of this variation is likely to be 
caused by the error in the synchronization of the flow and precipitation 
records, and possibly by the location of the raingauge in the southwest 
corner of the catchment. A possible effect of the raingauge location was 
checked. For the storms approaching from the southwest, south, and south- 
east directions, the simulated hydrographs should precede the observed ones. 
For the north, northeast, east, and northwest directions, the simulated 
hydrographs should follow the observed ones. For the west direction, both 
hydrographs should be synchronized. Note that these errors In the timing of 
the simulated hydrographs are bound to be small, of the order of one to 
three minutes, and for the 1973 data are of the secondary importance In 
comparison with the synchronization error In the precipitation and flow 
records. 

The effect of the storm movement on the simulated hydrographs 
should be most pronounced for the northwest-southeast direction, i.e, along 
the longitudinal axis of the catchment, and the least pronounced for the 
southwest-northeast direction. Only 171 of all the observed storms moved in 
the former direction, and 451 of the storms moved In the latter direction. 

In summary, the timing of the simulated hydrographs appears to be 
fairly good, A further analysis of the effects of the raingauge location 
and the movement of storms on the timing of simulations should be possible 
with the we 1 1 -synchronized records collected on the Malvern catchment since 
1971, 
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APPENDIX 

PRECIPITATION AND RUNOFF DATA COLLECTED ON THE MALVERN URBAN 
TEST CATCHMENT FROM SEPTEMBER 22, 1973 to NOVEMBER 28, 1973 



Storm No.l - Sept. 22, 1973 



'S'^"£{^i'3^i 











m 




3 


5: **^ 


m m 


~ 


a""^ 


O m 


1- -M 


a} — 


^ in 


— \ 


3 3 


Oi • 


M- y- 


%^ m 


o c 


3 O 


o 


E 


M — 


ro"-^ 


y- '*-' 


M- -"^ 


I' m 


m "-^ 


<ii- 


M- 


m 


c m jz 


o a> 


Q m 


E -O 


._ e. p 


C .+J 


C -M 


,_ c 


fo — ro 


D fD 


3 m 


1- (D 


m *j (P 


q: !. 


m %, 


0656 


start 






58 






\] 


0700 








02 




.13 


.004 


04 


2 




; 


06 






08 








10 








12 




4.24 


.120 


Ik 




3.99 


.113 


16 


2 






18 








20 








22 




5.87 


.167 


21 




5.87 


.167 


26 








28 


1 


2.85 


.081 


30 


6.5 






32 


6.5 


4.24 


.120 


34 


6.5 






36 


6.5 


31.06 


.882 


37 




31.82 


.904 


38 








39 




31.82 


.904 


40 








42 




31.06 


.882 


44 


1 






46 




4.75 


.135 


48 


1 






0750 








52 


7 


2.85 


.081 


; 53 




3.29 


.093 


54 


1 


3.75 


.106 


^ 56 




19.28 


.548 


' 58 




19.28 


.548 


0800 




.55 


.016 


02 








04 




4.75 


.135 


06 








08 




2.44 


.069 


10 








' 12 








14 

















in 




s 


S '-^ 


m m 


"' 


0.^ 


O tn 


1- 4-» 


0) — 


— m 


— ^ 


3 3 


o^ • 


14- M- 


H- ^ 


O C 


3 O 


o 


E 


J- ,- 


m-—^ 


H- ^'-^ 


14_ N_^ 


1 E 


Ol 


iqu. 


M- 


0) 


C m ^ 


O D 


o m 


E "D 


.- Pl o 


C +J 


£ 4J 


.« c 


eg — m 


3 m 


3 TO 


1- m 


CC +J OJ 


(£. %- 


ac L. 


0815 




\ .82 


,023 


16 




'■ \ 


1! 


18 




\ 




19 




.k7 


.013 


20 




'• ; 




22 




i 




24 






i: 

i 


26 






.,l 


28 


1 






29 




.20 


.006 


30 




1; 




32 




; 


1 


34 




I ! 


;. 


36 




1 i 
1 1, 


! 


37 




.20 


.006 


38 


1 






40 


1 






42 




.37 


.011 


44 


1 






46 


2 




I 


48 


3 






50 


3 


2.44 


.069 


52 








54 


1 


16.10 


.457 


55 




16.10 


.457 


56 








58 


4 




, 


0900 






; 


01 




7.76 


.220 


02 


1 






04 


1 






06 


1 






OS 


1 






10 








12 


1 






14 


end 






n 




5.87 


.167 


0924 




2.06 


.059 


0932 




.82 


.023 


0935 




.58 


.016 


0938 




.37 


.011 


0948 




.20 


.006 


1005 




.07 


.002 


1035 




.02 


.001 



4i 



storm No. 2 - Sept. 23,1973 



m 








1- m 




s 


5—- 


3 m 


-"• 


^"-s 


m 


O 4J 


m '- 


■— m 


— "^ 


M 3 


en • 


vi- u- 


tt_ et) 


C 


3 O 


y 


E 




rtJ ^-^ 


^_ ^^ 


Mh.- "-'■ 


'i 


OR -^ 


H- 


■M- 


11' ^ 


c m _c 


O lU 





E -Q 


— Q. y 


C JM 


C +J 


— C: 


(to — ro 


3 fO 


3 ro 


H m 


OC 4-1 Q) 


de: l 


DC L 


0946 


Start 






48 


1 






49 




.03 


.001 


50 


1 






52 


1 






53 




.90 


.026 


54 


1 






55 




2.40 


,068 


56 








57 




2.48 


.070 


58 








i 59 




4.29 


.122 


1000 








02 








03 




2.17 


.062 


04 








06 








08 




.84 


.024 


10 








12 






'■ 1 


14 








15 




.43 


.012 


16 








18 








20 




.26 


.007 


22 






!< 


24 








25 




.20 


.006 


26 








28 








30 




.13^^ 


.004 


32 








34 








36 








38 








40 


1 






42 




.09; 


.003 


44 








46 




.90 


.026 


48 


3.5 






50 


3.5 






51 




8.59 


.244 


52 








54 









r u, 








L. m 




3 


m 


3 <D 


~ 


0-^ 


Q 4-1 


OJ — 


■— irt 


.— ^ 


^ 3 


m • 


s+- U- 


i4_ m 


C 


3 


u 


E 


1 •— 


m "^ 


M- "-' 


M-'"^' 


e 


m ^^ 


M- 


U~ 


0) 


C m J= 


m 


Q <0 


E ^ 


— Q, U 


E +J' 


E -M 


— c 


11 — m 


3 ro 


3 ro 


H <t3 


ec 4J gj 


oc S_ 


cc >- 


1056 






1 


58 








1100 




2.36 


.067 


02 








04 




1.17 


.033 


06 








08 




.68 


.019 


10 








12 


1 


.60 


.017 


14 








16 








18 


1 






20 




.90 


.026 


22 


1 




1 ' 


24 






1 

1 .: 


26 


1 




! 


28 




1.64 


.047 


30 








32 


' 






33 




1.48 


.042 


34 








36 


1 , 




'' ' 


37 




2.56 


.073 


38 


2 






40 


2 


11.78 


.335 


42 


5.5 






43 




25.26 


.717 


44 


5.5 






46 


2 






48 


1 






50 









51 




6.66 


.189 


52 


1 




1 


54 


end 






1158 




2.17 


.062 


1201 




1.17 


.033 


1207 




.68 


.019 


1210 




.54 


.015 


1215 




.43 


.012 


1300 




.09 


.003 


1320 


' 


.01 


.000 




1 


! 





46 



Storm 


No. 3 - Oct. 13, 1973 
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